Due to the demand for high energy density batteries for mobile electronics and electric vehicles, the quest for high capacity, low voltage anode materials -especially involving Si -has been heavily pursued in recent years. In this respect, Li4Ti5O12 (LTO) is viewed as an inferior lithium ion battery anode. It exhibits relatively low capacity and high voltage compared to the most commercially available Li-ion anode, graphite (175 vs 372 mAh·g -1 and 1.55 vs ~ 0.1 V Li/Li + ). Nevertheless, the same undesirable properties that contribute to low energy densities provide attractive advantages as well. For example, the high redox potential of LTO lies safely within the electrolyte stability window.
Due to the demand for high energy density batteries for mobile electronics and electric vehicles, the quest for high capacity, low voltage anode materials -especially involving Si -has been heavily pursued in recent years. In this respect, Li4Ti5O12 (LTO) is viewed as an inferior lithium ion battery anode. It exhibits relatively low capacity and high voltage compared to the most commercially available Li-ion anode, graphite (175 vs 372 mAh·g . Nevertheless, the same undesirable properties that contribute to low energy densities provide attractive advantages as well. For example, the high redox potential of LTO lies safely within the electrolyte stability window. 1 This enables cycling without the formation of deleterious passivation layers, which are a problem for the longterm stability of conventional graphite anode and the popular alternatives such as silicon. 2 The two-phase reaction, which leads to moderate capacity, is also highly facile. It proceeds between two members (Li4Ti5O12 and Li7Ti5O12) that possess the same crystallographic space group, Fd3 � m. Even upon intercalation of 3 Li + per formula unit, there is only a 0.2% volume change of the spinel lattice, resulting in its description as a zero-strain material. 3 The stability, robustness, and safety of LTO have in fact led to its successful commercialization.
While the ionic conductivity of LTO is comparable to other Li-ion anodes, a major shortcoming is its inherently low electronic conductivity. 4 Li4Ti5O12 is considered to be an insulator, with experimentally reported band gaps typically between 3.0 and 4.0 eV. In order to circumvent this problem for use as an electrode, several strategies have been implemented. Coatings, such as carbon, have been applied to improve the electronic conductivity. 5 Doping with a host of cations has also been performed to decrease the band gap and improve performance. 6 Alternatively, LTO nanostructures have been synthesized to shorten Li + diffusion lengths and increase surface areas. 7 By applying these treatments, extremely high reversible rates of up to 100C (full charge or discharge in almost 30 seconds) have been reported. 8 Understanding exactly how the phase transformation between Li4Ti5O12 and Li7Ti5O12 proceeds and what factors promote, however, is still relatively ill-defined. Because the lattice parameters of both structures are near identical, few diffraction techniques are able to physically differentiate them.
This work exploits the most significant property difference between the two phases -their difference in electronic conductivity -in order to more fully explain the insulator-metal transition occurring within the system. Using conductive atomic force microscopy (c-AFM) we directly visualize the formation and distribution of each phase at the nanoscale, for the first time ( Figure 1) . We present comprehensive current and topography maps of LTO, at various states of charge, to demonstrate where the transition between these two phases occurs, and what features promote it. These results are combined with chemistryresolved surface measurements using X-ray photoelectron spectroscopy (XPS), at the same states of charge, to explain changes in surface morphology and composition. The unique application of the SPM methods presented here is a valuable key for the future optimization of this material, its composite electrode, and others like it.
Figure 1. First cycle electrochemical profile of thin-film Li4Ti5O12 anode vs Li/Li + , with squares indicating points where samples were characterized, and first 10 cycles -inset (left). An illustration of the c-AFM capability to detect the presence of each phase due to their unique conductivities (right).

LTO electrochemistry
In order to determine how LTO's fundamental mechanism proceeds, we made use of thinfilms that possessed only the electrochemically active material. LTO was grown on Ptcoated (ca. 225 nm) Al2O3 disks using RF magnetron sputtering and exhibit a thickness around 800 nm. The Pt layer was incorporated to ensure good electrical contact for use in batteries as well as for c-AFM analysis. Figure 1 highlights the material's first electrochemical cycle and demonstrates very good reversibility over the first 10 cycles. The flat redox potential at 1.55 V vs Li/Li + is clearly indicative of the two-phase reaction between Li4Ti5O12 and Li7Ti5O12, as has been previously reported. 9 In order to explore the unique changes occurring in this system during the first cycle, we analyze the thin-films at the points indicated along the voltage profile in Figure 1 : 1) pristine LTO; 2) LTO discharged to 50% of the initial discharge capacity; 3) LTO immediately following the voltage plateau, discharged to 1.5 V; 4) LTO fully discharged to 1.0 V; 5) LTO charged to 50% of the 1 st charge capacity; 6) LTO fully charged to 2.0 V.
Figure 2. AFM deflection (left) and current (right) images of LTO thin-films cycled to various states of charge, corresponding to (A) pristine, (B) discharged 50%, (C) discharged to 1.5V, (D) discharged to 1.0V, (E) charged 50%, and (F) charged to 2.0V. Note the difference in units between scale bars.
LTO conductivity
While the morphology did not change upon initial discharge, due to negligible volume expansion upon lithiation, the electronic conductivity measured using c-AFM significantly increased. Figure 2 depicts the current response of all samples when a potential of 0.4 V was applied between the c-AFM tip and substrate. While no current is observed in the pristine material, it is measured within an array of individual grains upon discharging to 50% capacity. Figure 2b suggests that the transition of Li4Ti5O12 to Li7Ti5O12 proceeds via a limited number of narrow percolation channels that connect current collector and electrolyte. Figure 2c demonstrates that immediately following the total lithiation, or completion of the two-phase reaction, nearly all grains in the LTO film are electronically conductive.
In order to summarize and compare the wide range of measured currents (from nA to A), the log(current) values of all samples are shown in Figure 3 . Current histograms of the measured c-AFM images are depicted in Figure 3a . On the left is the low current region, with the single peak corresponding to noise at the instrument's detection limit. On the right is the high current region, resulting from current measured because of changes among each sample. As the LTO sample is discharged, its measured current increases, which results in the low current peak decreasing and the high current peak increasing, until it reaches its maximum when discharged to 1.5 V. Further discharge to 1.0 V reduces the current and the area fraction of regions showing current, with a strong increase in surface roughness (Figures 3b & 3c) . Upon charge, the average current and surface roughness decrease again. While the average current of samples discharged and charged to 50% were fairly similar, their RMS surface roughnesses were not. The difference in morphology is likely related to the first cycle partial irreversibility, where surface reconstruction occurred below 1.5 V of the initial discharge. 
LTO surface chemistry
To further understand the LTO phase transition and the evolution of surface chemistry during the first cycle, we performed XPS on thin-films cycled to the same states of charge described previously. Figure 4 shows high-resolution scans of the C1s, O1s, and Ti2p regions. The single peak centered at 458.0 eV corresponds very well to the 2p3/2 peak of Ti 4+ in LTO, as well as in TiO2. 10 Upon discharge, a second peak at 455.9 eV forms, which corresponds to Ti 3+ measured in Ti2O3. This peak reaches a maximum relative to the Ti 4+ peak, in the LTO sample discharged to 1.0 V and correlates to the formation of Ti 3+ due to reduction of Ti 4+ upon lithiation. The relative intensity of the Ti 3+ peak decreases upon charge and completely disappears at 2.0 V, indicating that the surface reaction is fully reversible.
The peak in the O1s spectra at 529.7 eV corresponds to O 2-in the LTO lattice. Upon discharge, a peak at 531.5 eV grows relative to it, and reaches a maximum at 1.0 V. This higher binding energy peak results from the contributions of several solid electrolyte interface (SEI) species, including CO3 2- , -CO2-and LixPOxFz, all of which originate from the decomposition of electrolyte. 11 The formation of decomposition products, Li2CO3 and/or LiCO3R, are also shown to significantly occur in the sample discharged to 1.0 V, as suggested by the signal in the C1s peak near 289.5 eV. 12 The fact that we observe these species is significant because LTO is excessively championed to form no passivation or SEI layers, due to its high redox potential. This is clearly not the case. A passivation layer may form upon initial discharge (below 1.5 V) to create a relatively stable SEI; since subsequent cycles show markedly improved capacity retention, this reduction of electrolyte would not appear to occur continuously. The combination of c-AFM and XPS described provides a more detailed understanding of the LTO lithiation/delithiation process. These insights may be used to optimize other materials with insulator to metal transitions behaviors. More detail regarding these results can be found in the following publication: Verde, M. G. et al. ACS Nano 2016, 10 (4), 4312-4321.
